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A B S T R A C T
The v e c t o r s p a c e c o n c e p t a s a p p l i e d t o t h e i d e n t i f i c a t i o n o f t e s t specimen p a r a m e t e r s i n n o n d e s t r u c t i v e t e s t s i s r e v i e w e d .
The a n a l y s i s o f t h e r e s p o n s e o f an e x c i t i n g c o i l e n c i r c l i n g a m e t a l c y l i n d e r t o a s t e p f u n c t i o n d r i v i n g c u r r e n t i s made t o g a i n i n s i g h t i n t o t h e u s e o f s u c h a s i g n a l i n an eddy c u r r e n t n o n d e s t r u c t i v e t e s t . A c l o s e d form a p p r o x i m a t e e x p r e s s i o n f o r t h i s r e s p o n s e f u n c t i o n i s o b t a i n e d by s t a r t i n g w i t h t h e c l a s s ic a l s e r i e s s o l u t i o n f o r t h i s c y l i n d r i c a l c a s e and a p p l y i n g t h e
Euler-McLaurin summation f o r m u l a . The c l o s e d form approximat i o n was checked e x p e r i m e n t a l l y u s i n g a c o i l e n c i r c l i n g a s t a i n l e s s s t e e l b a r , and t h e measured and c a l c u l a t e d r e s u l t s a g r e e d w i t h i n e x p l a i n a b l e e x p e r i m e n t a l e r r o r . The p r i n c i p l e s of o r t h o g o n a l f i l t e r s a r e r e v i e w e d and t h e i r a p p l i c a t i o n t o t h e a n a l y s i s o f t h e t e s t c o i l r e s p o n s e f u n c t i o n i s d i s c u s s e d .
THEORY A P P L I E D TO NDT. 2
A N A P P R O A C H T O M U L T I P A R A M E T R I C E D D Y C U R R E N T N O N D E S T R U C T I V E T E S T I N G U S I N G P U L S E T Y P E W A V E F O R M S I.
L . B a r m a n *
I N T R O D U C T I O N
Any n o n d e s t r u c t i v e t e s t i n g (NDT) d e v i c e c a n be c o n s i d e r e d a s a measuring s y s t e m composed o f a d r i v i n g t r a n s d u c e r t o which a d r i v i n g s i g n a l i s a p p l i e d , t h e specimen t o b e t e s t e d , a r e s p o n s e t r a n s d u c e r t h a t p i c k s up t h e r e s p o n s e s i g n a l and t h e i n s t r u m e n t a t i o n r e q u i r e d t o a n a l y z e t h a t r e s p o n s e i n o r d e r t o o b t a i n i n f o r m a t i o n r e l a t e d t o t h e p r o p e r t i e s ( p h y s i c a l p r o p e r t i e s , i n t e g r i t y , d i m e n s i o n a l c h a n g e s , e t c . ) t h a t c h a ra c t e r i z e t h e specimen. These p r o p e r t i e s c a n be g i v e n t h e g e n e r a l name o f p a r a m e t e r s o f t h e s p e c i m e n , and t h e t e s t i s p e r f o r m e d f o r t h e i r d e t e c t i o n o r measurement.
R e g a r d l e s s o f t h e p a r t i c u l a r NDT method u s e d ( i . e . , t h e t y p e o f e n e r g y u s e d t o a n a l y z e t h e s p e c i m e n ) , t h e f u n d a m e n t a l g o a l o f an NDT s y s t e m i s t o d e l i v e r t h e i n f o r m a t i o n r e q u i r e d a b o u t t h e p a r a m e t e r s o f i n t e r e s t ( o u t o f a number o f them) i n s u c h a way t h a t t h e n a t u r e and " s i z e " o f e a c h can be d e t e r m i n e d w i t h t h e a c c u r a c y needed and w i t h o u t a m b i g u i t y . Eddy c u r r e n t n o n d e s t r u c t i v e t e s t s can be p e r f o r m e d u s i n g v a r i o u s t e s t c o i l d r i v i n g c u r r e n t waveforms s u c h a s s i n u s o i d s o r p u l s e s . The p u r p o s e o f t h i s s t u d y i s t o a n a l y z e t h e p r o p e r t i e s o f t h e r e s p o n s e o f an a c t u a l t e s t c o i l -t e s t specimen s y s t e m t o a s t e p f u n c t i o n d r i v i n g c u r r e n t i n o r d e r t o g a i n i n s i g h t o f t h e p o s s ib i l i t i e s o f u s i n g s u c h a d r i v i n g s i g n a l i n N D T .
* M r . Barman i s employed b y C o m i s i o n N a c i o n a l de E n e r g i a A t o m i c a ( B u e n o s A i r e s , A r g e n t i n a ) . He p e r f o r m e d t h i s work a t B a t t e l l e -N o r t h w e s t , R i c h l a n d , W a s h i n g t o n , w h i l e on a fe Z l o w s h i p program w i t h t h e I n t e r n a t i o n a l A t o m i c Energy Agency.
SUMMARY V e c t o r s p a c e c o n c e p t s a s a p p l i e d t o t h e i d e n t i f i c a t i o n o f t e s t specimen p a r a m e t e r s i n n o n d e s t r u c t i v e t e s t s a r e r e v i e w e d . An a n a l y s i s o f t h e r e s p o n s e o f an e x c i t i n g c o i l e n c i r c l i n g a m e t a l c y l i n d e r t o a s t e p f u n c t i o n d r i v i n g c u r r e n t i s made t o g a i n i n s i g h t i n t o t h e u s e o f s u c h a s i g n a l i n an eddy c u r r e n t n o n d e s t r u c t i v e t e s t . A c l o s e d form a p p r o x i m a t e e x p r e s s i o n f o r t h e r e s p o n s e i s o b t a i n e d by a n a l y s i s and checked e x p e r i m e n t a l l y .
The c a l c u l a t e d and measured r e s u l t s a g r e e d w i t h i n e x p l a i n a b l e e r r o r . O r t h o g o n a l f i l t e r p r i n c i p l e s a r e reviewed and t h e i r a p p l i c a t i o n t o t h e a n a l y s i s o f t h e t e s t c o i l r e s p o n s e f u n c t i o n i s d i s c u s s e d .
R E V I E W O F VECTOR S P A C E T H E O R Y A P P L I E D T O N D T
The r e s p o n s e s i g n a l c a n be r e p r e s e n t e
d i n t h e a l g e b r a i c s e n s e a s a v e c t o r from t h e s p a c e spanned by t h e p a r a m e t e r s , a s above d e f i n e d , s o t h a t :
where t h e pi a r e v e c t o r s i n t h e p a r a m e t e r s s p a c e { P I and t h e a i a r e s c a l a r s m e a s u r i n g t h e p r o j e c t i o n o f R i n t o e a c h pi ( t h e a i w i l l b e s c a l a r s o n l y i f a l i n e a r o p e r a t i o n i s c o n s i d e r e d ) .
Now d e p e n d i n g on t h e method u s e d , t h e R v e c t o r w i l l cont a i n i n f o r m a t i o n a b o u t a l l t h o s e p a r a m e t e r s t h a t a f f e c t t h e r e s p o n s e i n some way, t h a t i s i f t h e y p r o d u c e any o b s e r v a b l e change i n t h e r e s p o n s e a s t h e y change. L e t u s s u p p o s e t h a t t h e i r number i s n .
Then by E q u a t i o n (1) we s e e t h a t f o r t h e r e l a t i o n between a g i v e n r e s p o n s e and a g i v e n s e t o f p a r a m e t e r s v a l u e s t o b e u n i v o c a l l y d e t e r m i n e d , t h e pi v e c t o r s c a n b e t h o u g h t o f a s f o r m i n g an o r t h o g o n a l b a s i s i n BNWL-1 4 0 6 t h e p a r a m e t e r s p a c e , s i n c e o n l y i n s u c h a c a s e t h e d e s c r i p t i o n o f R ( w h e t h e r i n t h e p a r a m e t e r s p a c e o r i n some o t h e r s u i t a b l e domain) w i l l b e g i v e n by a d e f i n i t e s e t o f c o e f f i c i e n t s o f t h e t y p e o f E q u a t i o n ( 2 ) .
The r e s p o n s e i n t h e time domain can be e x p r e s s e d t h e n a s where t h e ck a r e s c a l a r s c a l l e d s i g n a l d e s c r i p t o r s and t h e mk(t) form an o r t h o g o n a l b a s i s i n t h e time domain. I t s h o u l d be n o t i c e d t h a t s i g n = i n E q u a t i o n s (2) and (3) s t a n d s f o r r ( t ) " e x p r e s s e d by" r a t h e r t h a n " e q u a l t o " i n t h e s e n s e we a r e u s i n g t h e summation h e r e .
A s t h e p a s s a g e from E q u a t i o n (2) t o E q u a t i o n ( 3 ) i n v o l v e s o n l y a l i n e a r t r a n s f o r m a t i o n ( r o t a t i o n o f a x e s ) , t h e c o e f f ic i e n t s ck w i l l b e g i v e n by which can be w r i t t e n a s a m a t r i x e q u a t i o n :
where [ a j k ] i s a m a t r i x of nxn o r d e r t h a t can b e o b t a i n e d from t h e s i g n a l d e s c r i p t o r s once t h e former had b e e n e x p e r i m e n t a l l y d e t e r m i n e d , by i n s t r u m e n t i n g E q u a t i o n (4) i n s u c h a way t h a t i s o b t a i n e d .
The number o f p a r a m e t e r s t h a t c o u l d b e p r e s e n t i n a g i v e n specimen may b e l a r g e r t h a n t h e s i g n a l d e s c r i p t o r s a v a i l a b l e ; t h e n [ajk] w i l l n o t b e a s q u a r e m a t r i
x and t h i s means t h a t t h e i n s t r u m e n t a t i o n o f E q u a t i o n (4) must i n v o l v e s t a t i s t i c a l methods, i f no a m b i g u i t y i s d e s i r e d i n t h e d e t e r m i n a t i o n o f t h e paramet e r s o f i n t e r e s t . A s f a r a s t h e d r i v i n g s i g n a l i s c o n c e r n e d , i t i s c l e a r t h a t i t s d i m e n s i o n ( a l s o t h o u g h t o f a s a v e c t o r ) must be a t l e a s t e q u a l t o t h e number o f p a r a m . e t e r s ; t h e n a d r i v i n g s i g n a l
s u i t a b l e t o b e u s e d t o s e p a r a t e n -p a r a m e t e r s c o u l d b e formed w i t h n/2 s i n u s o i d s o f d i f f e r e n t n/2 f r e q u e n c i e s , a s e a c h o f them w i l l have a dimension e q u a l t o two ( i t s magnitude and p h a s e ) .
On t h e o t h e r h a n d , a p u l s e -l i k e t y p e o f s i g n a l w i l l have t h e r e q u i r e d d i m e n s i o n a l i t y , and i t i s t h e p u r p o s e o f t h i s s t u d y t o a n a l y z e t h e p r o p e r t i e s o f t h e r e s p o n s e o f an a c t u a l s y s t e m t o a s t e p f u n c t i o n i n o r d e r t o g a i n i n s i g h t o f t h e p o s s i b i l i t i e s o f s u c h a d r i v i n g s i g n a l i n NDT.
H e r e a f t e r , t h e s t r u c t u r e o f t h e r e s p o n s e w i l l be s t u d i e d f o r an e d d y -c u r r e n t method and a s t e p -t y p e d r i v i n g s i g n a l .
A N A L Y T I C A L D E V E L O P M E N T
The s y s t e m i s d e f i n e d a s h a v i n g : Hy/meter (nonm a g n e t i c ) and o f i n f i n i t e l e n g t h .
2 . D r i v i n g t r a n s d u c e r : S i n g l e l a y e r c o i l o f N1 t u r n s , o f s u f f i c i e n t l e n g t h t o p r o d u c e a m a g n e t i c f i e l d w i t h o n l y a component p a r a l l e l t o t h e s u r f a c e o f t h e b a r .
.
Pickup t r a n s d u c e r :
S i n g l e l a y e r c o i l o f N2 t u r n s p l a c e d u n d e r n e a t h t h e d r i v i n g c o i l , w i t h l e n g t h n e g l e c t i b l e w i t h r e s p e c t t o t h e d r i v i n g c o i l and p l a c e d e q u i d i st a n t from t h e d r i v i n g c o i l .
The d r i v i n g s i g n a l i s a c o n s t a n t c u r r e n t I. i n t e r r u p t e d E q u a t i o n ( 6 ) a l s o r e p r e s e n t s t h e m a g n e t i c d e n s i t y B. 
Then, i f t h e c o i l s a r e s u p p o s e d t o have t h e same d i a m e t e r o f t h
i t t e n a s To e v a l u a t e t h e i n t e g r a l i n E q u a t i o n (8)
,
But f o r t h e B e s s e l f u n c t i o n s o f t h e f i r s t k i n d (u) du
From E q u a t i o n (14) we s e e t h a t r ( t ) i s bounded ( e x c e p t f o r t = o where i t i s i n f i n i t e ) . To check t h e r e s u l t s , t h e summation w i l l be a p p r o x i m a t e d w i t h a c l o s e d f u n c t i o n . The Euler-McLaurin summation f o r m u l a s t a t e s :
where 
. . a p a r a m e t e r o f t h e summation F(y) = t h e f u n c t i o n o f t h e s u m m a t i o n . w i t h a l l t h e v a r i -
But i t i s a l s o n e c e s s a r y t o have some t y p e o f r e l a t i o n -
s h i p between t h e 6 and y. Here t h e f o l l o w i n g r e c u r r e n c e Y r e l a t i o n between t h e z e r o s o f t h e B e s s e l f u n c t i o n o f f i r s t k i n d , z e r o o r d e r w i l l b e u s e d
Then from E q u a t i o n (15) and Then s u b s t i t u t i n g E q u a t i o n (18) i n E q u a t i o n ( 1 4 ) and a p p l yi n g E q u a t i o n (16) where o n l y t e r m s up t o t h e f i r s t d e r i v a t i v e have b e e n con- From E q u a t i o n s (23) and (24) we s e e t h a t t h e s t r u c t u r e o f t h e r e s p o n s e w i l l b e d i f f e r e n t f o r changes i n c o n d u c t i v i t y a n d / o r d i a m e t e r , and t h o s e changes w i l l b e a p p a r e n t i n r ( t ) and c o u l d be s e p a r a t e d w i t h a p p r o p r i a t e a n a l y z i n g c i r c u i t r y , a s s t a t e d i n t h e i n t r o d u c t i o n .
T E S T R E S U L T S
To check t h e r e s u l t s o f E q u a t i o n s (14a) and ( 2 1 a ) an e x p e r i m e n t a l s e t up was a r r a n g e d c o n s i s t i n g o f 1. Bar o f s t a i n l e s s s t e e l w i t h :
Radius c = 0.564 i n . C o n d u c t i v i t y o = 0.135 x l o 7 k 5 % m e t e r M a g n e t i c p e r m e a b i l i t y assumed t o b e u = 4n x 1 0 '~ Hy/meter Length = 8 i n .
. D r i v i n g c o i l :
Number o f t u r n s N1 = 269 Length L1 = 5 i n .
P i c k u p c o i l :
Number o f t u r n s N 2 = 55 Length L 2 = 1 i n .
Both c o i l s were wound d i r e c t l y o v e r t h e b a r w i t h l a y e r s o f p a p e r between them and t h e b a r . The p i c k u p c o i l was u n d e rn e a t h t h e d r i v i n g c o i l and c e n t e r e d w i t h r e s p e c t t o i t .
The d r i v i n g c o i l was e x c i t e d t h r o u g h a power t r a n s i t o r which i n t u r n was d r i v e n by a G e n e r a l Radio 1219-A p u l s e r , w i t h a p u l s e r w i t h ON t i m e o f a p p r o x i m a t e l y 600 u s e c and a r e p e t i t i o n r a t e o f 500 p p s .
The r e s p o n s e s i g n a l was r e c o r d e d a t t h e t r a i l i n g e d g e o f
t h e p u l s e , when t h e t r a n s i s t o r went t o OFF c o n d i t i o n and t h e n p r e s e n t e d a h i g h impedance t o t h e c o i l , r e s e m b l i n g a c u r r e n t s o u r c e . The r e s u l t s a r e shown i n F i g u r e 1 which i s a p i c t u r e t a k e n from t h e s c r e e n o f a 547 T e k t r o n i x Scope. Both t h e r e s p o n s e s i g n a l and t h e d r i v i n g s t e p c u r r e n t a r e shown.
FIGURE 1. S t e p Function Drive C u r r e n t and Measured Response Function
Four p o i n t s were s e l e c t e d t o check:
P o i n t 1: t = 1 . 4 1 x s e c P o i n t 2 : t = 5.645 x s e c P o i n t 3: t = 11.06
x s e c P o i n t 4 : t = 24.9
x s e c For t h e s e t i m e s t h e v a l u e s o f a 6 a r e : P o i n t 1: a & = 0.05 P o i n t 2 : a f i = 0.10 I P o i n t 3: a J T = 0.14 b P o i n t 4 : a E = 0 . 2 1
For t h e same t i m e s , Equation (14a) was c a l c u l a t e d and s u c c e s s i v e e x p o n e n t i a l s were c o n s i d e r e d up t o t h e p o i n t where t h e a b s o l u t e e r r o r was o f t h e same o r d e r f o r a l l t h e f o u r p o i n t s and i n t h e o r d e r of 0 . 5 p a r t s p e r thousand. The r e s u l t s were ( s e e With t h e v a l u e s o f a J t g i v e n by E q u a t i o n ( 2 5 ) , Equat i o n (21a) was a p p l i e d w i t h t h e r e s u l t s : P o i n t 1: r ( t ) = Af 4.245 P o i n t 2 : r ( t ) = Af 1 . 9 9 4 P o i n t 3 : r ( t ) = Af 1 . 3 2 8 P o i n t 4 : r ( t ) = Af 0 . 7 9 7 .
Comparing E q u a t i o n s (26) and ( 2 7 ) , t h e r e l a t i v e e r r o r i s w e l l below 2 . 5 % , and E q u a t i o n (21) i.s an a p p r o x i m a t i o n o f E q u a t i o n (14) w i t h an e r r o r o f l e s s t h a n 2 . 5 % f o r a t l e a s t t i m e s up t o :
To check f o r t h e a b s o l u t e v a l u e s o f F i g u r e 1 , we c a l c ul a t e t h e a m p l i t u d e f a c t o r from E q u a t i o n (22) and f o r N 2 t u r n s i n t h e p i c k u p c o i l :
where Then i n t h e p r e s e n t c i r c u m s t a n c e s , Ho w i l l have an e r r o r a t l e a s t o f 2 . 5 % ; t h e n : w i t h a r e l a t i v e e r r o r a t l e a s t e q u a l t o t h e sum o f t h e e r r o r s i n Ho and o which i s ~7 . 5 % .
With t h e s e c o n s i d e r a t i o n s , t h e v a l u e s o f F i g u r e 1 check w i t h t h o s e o f E q u a t i o n s (21a) o r (14a) w e l l w i t h i n t h i s e r r o r .
ORTHOGONAL F I L T E R
I n t h e I n t r o d u c t i o n i t was s t a t e d t h a t t o g e t s u i t a b l e s i g n a l d e s c r i p t o r s , t h e r e s p o n s e s i g n a l c o u l d b e e x p r e s s e d i n t e r m s o f o r t h o g o n a l components. T h e r e f o r e , t h e mk ( t ) f u n c t i o n s must s a t i s f y t h e o r t h o g o n a l i t y c o n d i t i o n which s t a t e s : 
